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i. INTRODUCTION

The radar reflectivity, 2, measured by conventional
meteorologlical radars does not provide any indication of .h< type
of hydrometeor present in the cloud, and is consequently unabie
to differentiate between liquid raindrops and the various forms
of solid precipitation. It can give no direct indication of
whether damaging hail is present within a storm.

It 1s customary to 1nterpret the magnitude of the
reflectivity, 2, in terms of a rainfall rate, R. various
empirical relationships exist between Z and R, but 1n any
particular storm the rainfall rate derived from Z alone may be in
error by up to 50%. This error arises because 7, for raindrops,
is proportional to ND®, where N is the concentration of particles
of diameter D, summed over all drop sizes. The same Z car arise
from different drop size distributions which would have very
different rainfall rates. For example the same Z would be
observed for one particle of size one cm and 1012 drizzle drops
of diameter 0.lmm.

The differential reflectivity measurement, ZDR, is able to
remove many of these ambiguities. It provides an indication of
hydrometeor type and is able to provide a measure of the raindrop
size distribution and so leads to more accurate estimates of
rainfall rate. This information is of use in predicting the
attenuation of communication links by precipitation, for
identifying potentially hazardous regions of clouds, and appears
to have some predictive value in identifying clouds which are
likely to grow explosively in the space of a few minutes.

In essence, the technigque 1involves comparing the radar
reflectivity (ZH) measured using horizontally polarised
radiation with the reflectivity (Z2V) sensed using vertically
polarised radiation. The differential reflectivity, ZDR, 1is
defined as:

ZDR = 10 log (ZH/ZV).

Small raindrops are spherical and so have equal values of ZH and
ZV and give rise to zero values of ZDR. As the raindrops become
larger they become increasingly oblate and so ZH becomes larger
than 2V, ZDR (in dB) becomes positive, and its magnitude is a
measure of the mean size of the raindrops. The Z and ZDR
information can then be used to estimate the raindrop size
distribution, and so provide a more accurate estimate of the
rainfall rate than is possible with Z alone.

The interpretation of the ZDR of 1ice 1s rather more
complicated because the shape of ice particles is not a unigque
function of their size. If the ice particles tumble as they fall,
as is usually the case within convective clouds, then although
for an individual particle ZH and ZV may be unequal, on the
average the two reflectivities are the same, the value of ZDR in
areas colder than freezing is usuallly close to zero. In
stratiform clouds the situation is rather different. Values of 2
are lower than in convective clouds, but some regions of positive
ZDR are observed. This positive ZDR is believed to be due to
small single crystals of ice, such as needles or plates, which
have their horizontal diameter greater than the vertical and
which fall without tumbling.




During the first year of this researach project the principal
task has been the analysis of Z and ZDR measurements made in both
convective and stratiform clouds. The appendix coitains three
papers which describe the work in detail, one 1is already
published, & second is to be presented at the forthcoming Radar
Meteroolgy conference, and the third has been submitted for
publication. The subject of the first paper is the use of Z and
ZDR for identification of hail and is discussed in Section 2.
The precise shape of raindrops of various sizes 1is of crucial
importance in interpreting the ZDR of rain in terms cf a mean
raindrop size; an exhaustive statistical study of the variation
of Z with ZDR suggests that raindrops are rather more oblate
than the previously accepted shapes. This work is described in
Section 3 and appendix B. In Section 4 of this report (and in
greater detail in the paper in appendix ¢) we analyse the
evolution of convective c¢louds. We conclude that the
precipitation in vigorously growing convective clouds appears to
grow via the coalescence of supercooled droplets and not via the
ice phase. Such clouds contain unexpectedly large supercooled
raindrops which could be hazardous to aviation, and would also
cause anomalously high attenuation of em radiation.

2 HAIL DETECTION

Hail 1s one of the most dangeroues aspects of convective
storms. In the past several radar techniques have been suggested
to identify hail, but all have been found to be unsatisfactory.
The dual polarisation radar technique appears reliably to be
able to identify hail within clouds. The brief note to Nature in
appendix A describes the technique. In essence hail only occurs
in fairly vigorous showers having reflectivities above 50dB2Z
Near to the ground the precipitation is usually in the form of
heavy rain which would have a fairly large mean drop size; these
large oblate drops would result in an observed value of ZDR
always exceeding 1dB. However hailstones tumble as they fall and
and thus result in a zero ZDR value. Both heavy rain and hail
will be associated with high values of Z, but any hail should
give rise to zero ZDR and be clearly distinguishable from the

surrounding heavy rain which has positive ZDR. This 1is
illustrated in figure 1, which is a vertical section in Z and ZDR
through a vigrous convective cloud. Below 2km altitude the

values of 2 are generall; positive when Z is above 30dBZ, as
would be expected for any reasonable drop size distribution.
In contrast to this is a region at 87km range where zero values
of ZDR extend right down to the ground. If this was due to small
spherical raindrops then the computed rainfall rates would be
several meters an hour, and the only plausible explanation '.s
that the particles are tumbling hailstones, which are so large
that they reach the ground without melting appreciably.

2. PROPOSED NEW RAINDROP SHAPES

The shape of raindrops is critical in the interpretation of
the ZDR data. Gans scattering theory is used to calculate the
values of ZH and ZV expected for oblate spheroids having various
axial ratios. The Chilbolton radar is able to measure ZDR to
0.1dB which is equivalent to a change in axial ratio of about
0.01. This change is less than the error in the best laboratory




measurements of axial ratios by Pruppacher and Pitter, Earl:ier
work at Chilbolton nad suggested a small change in the proposed
drop shapes of less than the errors of the laboratory
measurements, so that the Z and ZDR observed with the radar would
agree with the drop sizes measured directly at the ground ~us-<
200m below the radar beam and remove a small sytematic error..

However there 1s considerable uncertainty as to “he precise
shapes of drops having an equivalent diameter above 4mm. Direcs
verification is difficult. In the laboratory the precise shape
and degree of oscillation of such large drops will vary wrth -he
degree of turbulence in the wind tunnel. In the field the number
of occasions when such heavy rain falls directly over the ground
based measuring system is small.

We have adopted a statistical approach. It is known that on
the average, the concentration of raindrops (N} 0f si1ze D
follows the Marshall-Pallmer size distribution:

N(D) = No exp (-3.67 Do/D)

where No and Do are constants. By summing the contributions of
the various differently sized drops to ZH and ZV we can compute
how we expect ZDR to increase as the rainfall rate increases and
Z becomes larger. This is shown in Figure 2 where the dotted
curve marked P is for the predicted average variation of Z with
ZDR using the widely accepted raindrop shapes of Pruppacher ad
Pitter. According to these curves any value of ZDR ahove 3.5dB
cannot be interpreted in terms of ra:ndrops and we must invoke
some very distorted half melted hail pellets. A very limited
series of measurements made by Cooper et al using 2D probes to
measure the shape of larger drops suggested a deviation from this
form, and the dotted curve C has been computed by extrapolating
their limited measurements. The solid curve is the average of
90000 data points observed by the radar on eight different days
during the summer of 1983. This seems to demonstrate that indeed
the larger raindrops are much more oblate than suggested by the
laboratory experiments.

There are several implications for the radar work. First,
values of ZDR of up to 6dB can be explained in terms of raindrops
instead of needing to invoke extraordinarily distorted melting
particles. Second, the rainfall rates and drop concentrations
in heavy thunderstorm type rain are quite dependent upon the
precise shape of the larger drops, for values of Z near 60dB2
the two models predict raindrop oncentrations differing by an
order of magnitude. Finally these more oblate drop shapes will
lead to different attenuation on microwave links than that
predicted by the previous models. A nore detailed description 1s
given in appendix B.

4. STUDIES OF CONVECTIVE PRECIPITATION DEVELOPMENT.

An analysis of the rapid development of convective clouds
observed in 1983 has been completed and the rather lengthy paper
describing this work is included as appendix C. Here we summarise
the conclusions from this work:

a) Isolated first echoes having low Z but accompanied by
large positve differential reflectivity (ZDR) are likely to
intensify very rapidly.

— S




b) These anomalous low T - high ZDR first echoes indicate
the presence of very low concentrations of supercooled raindrops
having diameters of several millimeters, which have grown 1n the
absence of ice. 2resent theories of precipitation development do
not predict the appearance of such large supercooled raindrops.

c¢) Such low concentrations of large drops could be very
efficient hail embryos growing to large hailstones after freezin
because of the lack of ccmpetition for the cloud wter. This may
relax the condition for embryo sorting.

d) Columns of positive ZDR extending above the zero degree
isotherm occur quite frequently during vigorous corvection. They
coincide with periods when the echo is moving upwards at about
10m/s and tend to precede high values of Z.

5 PROGRAM FOR THE SUMMER AND FALL OF 1986

The radar 1s being modified to measure additional
polarisation parameters. At present (June 1986) it is envisarced
that it will be operational by the end of July 1986. One extra
parameter is the linear depolarisation ractio (LDR) defined as

LDR = 10 log (ZHV/ZIV)

where ZHV 1is the power received in the horizontal for
transmission in the vertical. In essence LDR provides a measure
of the fall mode of the precipitation particles. Raindrops fall
with their figure axis aligned in the vertical and so should have
a very low value of LDR, but ice particles which tumble will
have a finite orthogonal return. The second parameter is the
pulse to pulse fluctuation in ZDR, which we call SDR, which
should give an indication of the width of the size distribution
of the particles. for monodispersed particles ZDR does not
fluctuate and SDR should be zero, finite values of SDR suggest a
wide distribution of particle sizes are present.

We initially propose the following tasks:

a) Further work on tracking hail cells using both the ZDR and
the proposed LDR signature.

b} Confirmation in widespread rain that the LDR of rain is
indeed very low and can be used as an additional means of
distinguishing rain from ice.

c) Supercooled raindrops in vigorous convection.
Confirmation using LDR that these particles are indeed
raindrops.

d) LDR measurement of the ice in convective clouds, ZIDR 1is
zero indicating tumbling particles which should therefore have a
measurable LDR return.

[ I
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Detection of hail
by dual-polarization radar

A. J. lilingworth®*, J. W. F. Goddard* & S. M. Cherryt

* Department of Physics, Umiversity of Manchester Insttute of
Science and Technology, PO Box 88, Manchester M60 1QD, UK
* Rutherford Appleton Laboratones, Chilton,

Oxfordshire OX11 0QX, UK

Hail causes coasiderable damage to property sod agricuiture and
2 simple, uoambiguous method of determining which convective
storms contain hail would be of great use for short-term weather
forecasting, and would also find application in the study of the
mechanism of hailstone growth. Previous radar methods of hail
detection' > have not proved reliable, but here we report results
of a new technique based oo the measurement of differential
reflectivity using dus! polarization radar and suggest an additional
criterioe for hail recognition. Hail is known to occur in vigorous
convective storms in which the effective radar reflectivity, Z,
ed by coaventional radar is high. If the hail reaches the
ground it is usuaily restricted to long narrow swathes®, often about
| ko wide but up to 50 km long, accompavied by surrounding
precipitation in the form of heavy rain. The differential reflectivity
hui involves paring the radar reflectivity factor for
horizontslly (Z,) and vertically (Zy) polarized radiation: the
comparison provides a messure of the mean shape of the precipita-
tion particles. Close to the ground the values of Z are high for
both hail and heavy rain, but because the large raindrops are
oblate and fall with their horizontal diameter grester than the
vertical, the value of Zy in the rain exceeds that of Z,. The

smailer regions where hail is present can be clearly distinguished
from the neighbouring heavy rain becsuse, aithough individual
hailstones may not be spherical, they tumbie as they fail and so
result in equal values of Zy; and Z,.

For meteorological radars the power scattered back by com-
mon precipitation particles is proportional to the sixth power
of the particle size and, although the particies may be frozen
or liquid and may be non-spherical, it 1s usual to express the
return as the equivalent radar reflectivity factor, Z, defined as
the summation per unit volume of the diameter, raised to the
sixth power, of spherical water drops which would scatter the
same power as that actually measured. Z is usually quoted in
decibels above 1 mm® m™>. A full review of meteorological appti-
cations of radar is provided by Browning’

The new method of hail detection relies on a measurement
of the differential reflectivity, Zgp, defined in decibels as

Zpr =1010g,0 (Zu/ 2v)

The radar used in this study is fully described by Cherry and
Goddard®. Situated at Chilbolton in southern England, it has
an antenna of 25 m diameter, giving a 0.25° beamwidth at the
10 cm operating wavelength. Pulses with horizontal and vertical
polarizations are transmitted (and received) alternately with a
pulse repetition frequency (PRF) of 610 Hz. The precipitation
forms an incoherent target with the values of Z fluctuating as
the hydrometeors reshuffle in space, but this choice of PRF
ensures adequate correlation of Z between sequential samples
so that Zpg may be estimated accurately. Each range-gated data
sample comprises a spatial average over 300m (four puise
volumes), which is time averaged over 64 transmitted pulse
pairs. The worst case errors in measuring Z and Zpg are esu-
mated to be 0.7 dBZ and 0.2 dB respectively.

A ventical section through a vigorous convective storm is

Fig. 1 Contour plots of reflecuvity Z (a)
and differentiai  reflecuvity  Zop (b1
obtained from a vertical scan through an
intense convective storm at 13:36 uT, 6 July
1983. a, Contours of Z are drawn every
10dBZ above | mm®m '’ with an addi-
tional dotted 5-dBZ contour b. Contours

of Zgg are piotted at [-dBintervals start ag
at 1 dB The dotted $-dBZ contour from g
is included, to dehneate the extent of the
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87 km (<1 km wide) at 87 km range where 8
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AV
shown in Fig. 1. In Fig. 14, contours of the conventional reflec- where Z, , 1s the honzontally polanzed return. Lya values of
tivity Z are drawn evey 10dB2Z, from 10dBZ 10 70dBZ above less than -20dB have been measured'” 1n rain at a ).2.cm
Imm> m™ In Fig. Lb, contours of Zpg, observed simul- wavelength. The orthogonal retum is very low in amplitude
taneously, are drawn at 1-dB intervals. The dotted Z contour because 1t1s believed'' that raindrops fail with their axes aligned
at SdBZ in a and b delineates the overall extent of the echo. in the vertical, with canung angles of less than 1° Hail s
On this day the 0°C isotherm was at about 3 km altitude, and  generally aspherical and computations'’ show that randomiy
tas is typical for convective clouds ) values of Zpg at higher tumbling wet oblate spheroids with an axial ratio of 0.7 should
aititudes in Fig. 1b are very close (o zero, indicating randomly have an Lgg greater than —20dB If this is so, the Lpg hail
tumbling ice particles. Closer to the ground where it is warmer signature 15 simple. summertime values of Lpe above -20dB
than 0°C, rain is to be expected, and as the rain intensity close to the ground must be due to hail. The extreme case ot
increases the drops become larger and mare oblate, leading to spherical hail would escape Lpg-detecnion, but would give a
larger values of Zpg; assuming a Marshall- Palmer raindrop vize clear zero Zp,q signal At present there are no reports of measure-
distribution®, calculations show® that Zpg should exceed 1 dB ments of Lpe at a 10-cm wavelength, but analysis of data at
when the Z value exceeds 35 dBZ. In contrast to this is a region 3cm (supplied by P. H Herzegh, personal communication:
at a range of about 87 km where low values of Zg extend down confirms that, although propagation probiems atfect the absolute
to the ground. For a width of about 600 m {that 15, over two values of Ly, a local increase of about 6 dB appears to “oincide
neighbouring sampies), a Zpp below 0.5 dB accompanied by a with a hail shaft.
Z of 65 dBZ extends down 1o a radar elevation of zero degrees. The presence of hail seems 10 be the only physically realistic
For monodispersed raindrops this value of Zpe implies  explanation of the localized region of low Zpg embedded in a
diameters less than 2 mm, which would need to be present in more extensive region where both Z and Ze are high Although
the unrealistic concentration of 500,000 m™* to give the observed it has not been possible 1o obtain independent ground-based
Z This corresponds to rainfall rates of thousands of millimetres observations in the 500-m-wide region shown in Fig 1, a long
per hour, and any other distribution would require even higher  series of comparisons'’ of the radar data with simuitaneous
concentrations. The anly plausible explanation is that the pre- raindrop size distnbutions measured at the ground reveals that
cipitation is hail which 1s nearly spherical or tumbles as it falls. such high Z-low Zns combinations are not found in ramnfall
The hail must be large, and with a high terminai velocity, so More extensive observations with the Chilbolton radar scanning
that although the surface is wet it has not melted sufficiently to in azimuth at low clevation should enable the tracking of low-
form an oblate-shaped water coating. A similar but less extreme Zg cores and any accompanying anomalous- L regions, and
case can be seen in Hall er al’ thus increase the probabihity of obtaining independent ground
To monitor hail over a large area, the radar could be scanned based confirmation of the hail identficaton
in azimuth at low elevation so that in the summer only precipita- We acknowiedge support from the Meteorologicai Office
tion at temperatures much above 0°C is sampled. If regions and EQARD through grant AFOSR-85-01X8 We thank R E
where Z is above 45 dBZ are considered, then any region wher= Carbone, P. H. Herzegh, V. N Bnngi and T A Seliga for
Zpye ts less than 0.7 dB can be identified as hail reaching the supplying us with Lop ddta from the Maypoie %4 program
ground Hail-swaths could be tracked by monnonng the move-
MeEnt. In successive scans, of such low-Zyg cores embedded in Recered 11 November 1988 sceepred - Febroary 1948
regions of both high 2 and Zy,.
The technique outlined above would not result in false alarms. ! Geots S.G [ appt Mo 217007 19
However, the precise shape and fall-mode of hail is not well L Bl A e e
ge. B L McGilt {nn S0 Rep MW Montreai 971
known and if asphencal hail falls with a degree of common 4 Morgan G M & Towen N G ppl M 14 Rl T wt
alignment, then Zoq might have a local mimimum but not fall [ Boenne &8 20 T P S G SE
below the 0 7 dB level. In 1986 the Chilboiton radar will be able S Hail M P M Goddard, i % F & Chern S M Rogu ser 19, 1D e wna
to detect the orthogonal return in addition to the co-planar one. N [“’“‘r:’:'{:"m’ e o o e e e oni Roii ster
This information may provide additional corroborating evidence Boston. 144 14 . Amencan Mercoriogial Socrery Iak
for hail. The linear depolarization ratio, Lg,, for vertcally < Browne | L & Robinson. N P Nanev 170 10°H 1% 1982
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23rd Conference on Radar Meteurology, Snowmass, Boulder Colorado.
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CBSERVATIONS OF THE GROWTH AND EVALUTION OF RANDROPS
USING DUAL -POLARIZATION RADAR

1) Caylor end A J [llingworth

Dept of Physics, UMIST, Manchester Mé0 100, UK

1. INTROOUCTION

As raindrops grow In size they become more
oblete and corsequently the rader reflectivity factor
for torizontally polarised radistion (2H) becomes
increasingly larger than that for the vertical. The
differential reflectivity, ZDR, expressed in decibeis is
defined as

ZOR = 10 log (ZH/2V)
ZDR is positive for rain and its magnitude provides an
estimate of the mean size of the raindrops. Because
ZDR is independent of concentration, observatiora of
Z and ZDR can be fitted to any two perameter rain-
drop size distribution and used to derive more accurste
rainfall rates than those obtained from 2 alone (Seligs
and 8ringi, 1976, Goddard and Cherry, 1964}

The Chilboiton radar, stuated in Hampshire
England, operates at 9.75 cm with s quarter degree
beamwidth and is able to measwre Z to within 0.7d8
and in widespresd precipitation ZDR of 0.1dB (Cherry
and Goddard, 1982). 1f we consider raindrops as oblate
spheroids and apply Gans scattering theory, then »
change of ZOR of Q.1d8 s equiveient in a change in
axial ratio of less than Q.Ol. The best currently
available laboratory measurements of equilibrium
raindrop shapes (Pruppacher and Pitter, 1971) have
ertors in axial retic corsiderably greater then 0.01, In
a series of comparisors of radar observetiors for
values of ZDR up to 2dB, with both ground based
disdrometers (Goddard et al, 1983) and airborne
measurements (Cherry et al, 1984) found significantly
improved agreement if they used slightly more
spherical shapes than those of Pruppacher and Pitter.
The changes proposed by Goddard snd Cherry are
actuslly within the experimental error of the
Pruppacher and Pitter measurements.

A ZDR value of 2dB is equivalent to a3 mean drop
size of about }.7mm, and average rainfal’ rates of
about 40mm/he. In this paper we analyse the values of
ZDR for heavier rainfall rates and, so that consistency
may be preserved with the radar resuits, suggest an
empirical modification to the Pruppacher and Pitter
shapes for the larger drops. In the light of these
modificatiors, we then interpret some observations of
the evalution of ZOR wathin vigorous convective
clouds in terms of the size and concentrations of rain.
drops. We have payed perticular attefAtion to the
narrow columre of positive 2ZDR which occasonally
extend above the zero degree isotherm during vigarous
convection

2. THE SHAPE OF LARGE RAINDROPS.

Ooviak and Zrnic (1984) have calculated that
ZDR values abave 3.5dB imply targets other than rain-
drops snd suggest that they result from ice particles
which have very oblate shapes when they meit. This
assertion i3 based on Greer’s (1975) formuls for the
axial tatio of raindrops, which is very close to the
measurements of Pruppacher and Pitter. Using these
shapes 8 &mm drop would be associated with 8 ZOR of
3.8d8 and an 8mm drop 8.7dB; summing the weighted
contributions of the various drops in a Marshall-Palmer
raindrop size distribution leads to the conclusion that
the ZDR of rain cannot exceed 3.84B.

Valves of ZDR above 3.5dB and as high as 6dB
have been reported in convective showers (lllingworth
et 3), 1984) and in view of the above argument it
seems logical to attribute such observations to meiting
ice particles. On closer examination other possibilities
arise. First, recent Jaboratory measurements of meit-
ing particles suggest that unless the ice particles are
initially extremely oblate then the shapes during
melting are no more distorted than those of the same
sized raindrop, and second, there are corsiderable
experimental errors in the Pruppacher and Pitter
shapes for the larger drops.

The !aboratory studies of Rasmussen et al (1984)
show that as spherical hail particles meit they becomne
progressively more oblate until, on compiets melting,
their axial ratio is equal to thst of the equivelient
water drop. Hail pellets larger than 9mm always shed
the excess water. A ZOR of 608 could result from
horizonaily asligned ice particles with a wet surface
and an axial ratic of Q.52. This seems uniikely because
such large solid perticies shou.d tumbie, and hail is
rareiy observed to have such an oblate shape. High
values of 2DR attributed to meiting snowflakes (Hall
et al, 1984) would only occur in stratiform clouds ang
should be restricted to the bright band.

There i3 considerable uncertaity a to the
precise shaper of rsindrops above Aamm diameter.
Laboratory experiments are diffiguit because the drops
oscillate, and the degree of oscillstion 1s probabiy
dependent vpon the amourt of turbulence n the wind
tunnel. Pruppdcher and Pitter quote equilibrium axial
ratios for drops of & and Bmm diameter which would
lead to ZOR values of 3.8 and 3.7dB respectively, but,
because of the experimental errors quoted, these axial
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ratios could be as tow a8 0.62 and 0.51, implying a ZDR
of 3.7 and 6.508. It is difficult to check thess pre-
dictions in the field. Direct aircraft messurements by
Cooper et al {1983) showed thst for » given equivalent
diameter there wes a spread of axial retios 1mplying
appreciable ascillation, but that the mesn shape for
Smm  ops wes sgnificantly more distorted than
Pruppacher and Pitter's measurements. Only & very
few drops above 6mm were sampied but they indicated
an axial ratio of only 0.5 for a 6.5mm drop.

It the concentration of raindrops, N, of diameter
D, is assumed to follow the Marshail-Palmer raindrop
distribution

N(D) = No exp {-1.67 Do/D)

where No i3 3000/m3/mm, then f the drop shapes are
known we can calculste ZDR as a function of Z.
Figure | compares the predicted variation using the
Pruppacher and Pitter shapes and an extrapolation of
the more obiate measurements of Cooper et al. The
actusl alues of axial ratio used in these computatons
are displayed in Table 1. It shouid be stresseq that
Caoper et al did not measwe any drops above imm,
and that the awal ratios for drops above ths size are
obtained by linear extrapolation. The dotted curvey in
Figure | were obtatred 5y truncating the exponential
Aistridution at 8mm: observation shows an rsignificant
number of arops larger than this uize. Such a trunca-
tion can be introduced more naturally by using a
gamma distribution Ulbrich, 1983Y and the dashed
Sranches of the curves are the predicted variations for
an m of 7in the gamma distribution, The solid branch
of the curves 1s obtained by truncating a pure exponen-
tal {m : 0) at mm. Thess variatiors introduced by
ditferent choices of drop size disthibution are small
compared with the effect of the two different models
for the ®rop shapes. If the more obiate shapes are
adopted then it appears that values of ZDR of up to
6dB can arise in heavy rain.
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3. RADAR DERJVED SHAPES OF LARGE DROPS.

We have indicated above that :ndependent ver.
fication of the predicated 2/ZDR relstionship Sy
direct measurement of the raindrops within the radar
beam 13 rot practically possible. lratesd we "have
adopted a statistical approach; although on individuai
occasions the arop size distributions @e not Marshall-
Palmer, if sufficient data points are taken then the
average variation of Z as s function of ZDR should
provide an indication of the drop shepes. Over ninety
thousand data points from storms observed on six
differect days n 1983 are inciuded in the plot dis-
played 1n Figure 2, where the average velues of ZDR
have been cajculsted for every 2dB increase in Z. For
comparison purposes Lhe theoretical curves from
Figure 1 for the two different sets of drops shapes
predicted for exponentials truncated st 8mm are aiso
included. On these days the freezing level was at Jkm
and all data points for ajtitudes between 1.25 and lkm
were analysed. At such low altitudes most of the

s} ’ Oryppacher and | “ooper st al '19831

[ | outec 1197)) o _
[ imm) 1 wie 20R ‘aB] b/s IDR 9BT]
P4 T s 7 T 75 !
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1K YLl .81 -t .82 \

6.5 | .66 403 | .0 672

7 | 654 4,18 a5 . o

S .64l a3 ' .a0 | 9.78

8 | .19 4.70 35 1299

Table 1: The axial ratio b/a) and differential

reflectivity (ZDR} for raindrops having eguivalent
diameter D) of 4 to 8mm wing the drop shapes of
Pruppacher and Pitter {1971} and values extrapolated
from Cooper et ai [1983).
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precipitation should be rain, but on a few scare Lhe
2/ZOR piots showed a fsil in ZDR for values of Z
above S0dBZ. Figure } shows an example of this. We
delieve {llingworth et al, 1986) that this behaviour is
due to large tumbling hail perticles surviving the 2km
tall below the freezing level. Figure & 13 & contour
plot of & PPI, clearly showing the core of ZOR below
0.5dB occuring at the centre of the maximum 2 echo,
which we interpret as a heil shaft. The occasional
section showing such charscteristics was eéxciuded
from the analymis. The standard deviation of the
points in Fiqure 2 for ZDR above 2dB is about 0.7 48 in
ZDR, showing that on the average each individuel wze
distributiors does nat have a value No = 8000

The observed variation of ZDR with Z in natural
rain shown in Figure 2 deviates significantly from the
predictions of the Pruppacher and Pitter shapes, and 13
very close to the values computed using the much
more obiate shapes extrapolated from Cooper et al.
An aiternative explanation would be to consider that
the Pruppacher and Pitter shapes are valiso. but, that
when Z is high, No falls beiow 8000/m’/mm. For
example a ZDR of 3.6dB should on avgrage be
accompanied by a Z of 70082 1f Ng 1s 8000/m”/mm. In
fact the average value is only 58dBZ implying that, for
this high value of Z, No 1s less than 800, and thet the
rainfall rate is correspondingly lower than that which
would occur for No = 8000. This seems unlikely.
Calculated rainfall rates using No = 8000 agree with
the empirical 2/R relatiorships to within 1dB. If we
use the more oblate raindrop shapes (n the mode! then
the empirical 2/R relatiorship 18 not disturbed, the
observed variation of Z with ZDR can be explained,
and furthermore the high values of ZDR of 408 can be
attributed to raindrops without iNvoking extraordinary
oblate aligned metting ice particles.

71487) P: c?
6
44 :
]
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Fie 1t Solid 'ine: The variatiom ot 7 with M in
one PPT. Sych data is artributed to nail and is
not included in Fieo 1. “otted lines as in Fig I

S ZDR[dB]

3, EVOLUTION OF RAINDROPS.

In convective ciouds the value of ZDR above the
0°C isotherm is observed to be very close to 2610 with
values genersily below 0.1dB, end this 13 interpreted as
tumbling graucel. On occssion locshsed sress of
positive ZOR extend above the freenng level
Tilingworth et al, 1984) and these are qeneratly in the
form of nerrow columns as shown in Figure 5.

During the summet of 1983 twenty columm of

Y ZDR having values of ZDR above 208 were
abserved. In ten of these cases it was possible to trace
the evalution of the column from three of more
sequential Rils taken at the same azimuth, each RHI
at the same aximuth being typically separated by
sbout two minutes. These cases occured 10 both
1solated imual echoes and embedded within mature
cumulommubs clouds. Considering the individual Rils,
we conclude that the posttive columrs of ZOR have
the following characteristics:

&) The maximum hetght of the 248 ZDR contour was
1.7 km above the zero deqree isotherm where the
temperature was about -10°C. Just above this
height and in the region surronding the column
ZDR values are less that 0.1dB.

h)  Well-developed columns fising more than 700m
above the freezing level have & circular cross-
section with a diameter between ] and Zkm.

¢) Far tuch calumns the maximum vaiue of ZDR
exceeds 4.5dB and can reach 6dB; a further 500m
higher, vaiues of ZDR are zero.

LATERAL DISTANCE Lhm)

(hm)

CATERAL OISTANCE
.
Lo

'
~

“© X .
) RANGE [ka]
Fig 4: A horizontal section (PP1) at 370w height
observed at 1517 on 6/Jul/%3. The hatched area
where Z iy below N.5dB and Z is above H5dB7 is
attributed to hail. Contours in ZD® are every 1dB
starting at ).5d3 and in 2 ire everv 10dB.
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From the sequential RMHIs we conclude:

d) A well defined positive column does not persist
for more than ten minutes,

e)  While the positive column s present the
magnitude of Z increases by up to 20dBZ, firally
exceeding 58dBZ. In one case however the value
of Z only rose from 38 to 464BZ.

f)  During the development of the positive column
the +2dB ZDR contour rises at about Tm/s this
rise being coincident with a similar rate of ascent
for either the 20dBZ contour in 2 for the isolated
developing cells, or the 40d8Z contour for the
columrs embedded in existing ceils, These figures
imply that the air itself is rising at about 1Sm/s,

g) Interpreting the Z and ZOR data in the column as
the size and concentration of supercooied
raindrops, the derived values of No always tended
10 increase with time towards the Marshall-
Palmer value of 8000. For isolated convection
this increase in § minutes was about a factor of
50, and for the embedded convection a factor of
two in two minutes, In the one case ‘see (e)) No
remained near 200.

h)} After the disappearance of the positive ZDR
column, the position of the maxima in both Z and
ZOR fell in altitude at a velocity consistent with
the terminal velocity of the large precipitation
particles.

T
x
-
I
2
w
k3
4.5+ -
T 3.5 {
X
= p—
‘i 2.5 -
=
s L
.5 =
3
T T T {71

-
® 27 28 29 310 Jll 32033 34
RANGE (km)
Pig 5: An PHI on 6/Jul/R3 at 1651 showing a
cglux.m of sve 2DR reaching a height of 4.7knm.
orc isotherm 3.2km. Contours in Z every 1043z
starring at 5dBZ, and in 2DP every 1.8dB starting

at 0.5dB. Hatched area 2 above $5dB2, ZDR above
4.5d8.

S.  CONCLUSIONS

The observed values of Z and ZDR in hegvy
precipitation are consistent with the more oblste
shapes reported by Cooper et al. We wqggest that
positive velues of ZOR of up to &IB are due to large
raindrops which may be supercocied, and that haii or
graupel particles which are wet will have gmaller
values of ZOR than the aquivalently sized raindrop.
Transient positive columne of ZDR extending up to
1.7km above the freezing level occur during vigorous
convection; initially, raindrop concentrations are low
but they evolve towards the Marshall-Palmer distribut-
on.
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INTRODUCTION

Our present knowledge of how precipitation develops within clouds has been obtained
using both radar and instrumented aircraft. Measurements of the radar reflectivity,
Z, provide an indication of the rainfall rate; air motions can be computed from multiple
doppler radar, and hydrometeor types and sizes may be obtained from probes mounted
on aircraft. However, information on hydrometeors is generally available only for a
very limited number of one dimensional penetrations through the less vigorous regions
of a cloud, and a complete history of the hydrometeor evolution throughout the volume
of the cloud can only be built up by extrapolation from these limited samples (e.g. Hallett
et al, 1978; Knight and Squires, 1982; Heymsfield and Hjelmfelt, 1984, and for hail growth,

Browning et al, 1976, Browning 1978).

Several radar scans through a cloud do provide a reasonably complete three dimensional
picture of the extent and intensity of the radar reflectivity, Z, but Z itself gives no
information on hydrometeor types, sizes or concentrations. Several empirical relation-
ships are available which relate Z to the rainfall rate R, but because Z is proportional
to the product ND® summed over particles of all sizes (where N is the concentration
of h-ydrometeors of diameter D), the use of such Z-R relationships is error prone and
is equivalent to assuming that all hydrometeor size distributions are identical. The
same Z could result from many different size distributions having widely varyving equiva-
lent rainfall rates. An additional ambiguity occurs if mixed phase clouds are present,
because liquid water has a reflectivity 6.7dB greater than ice; for melting particles

interpretation of Z is even more error prone.

In this paper we present measurements not only of Z but of the differential radar reflecti-
vity, ZpR, of evolving convective clouds. This additional parameter can reduce consider-

ably the ambiguities present in the interpretation of Z alone.
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measurement. Each range-gate data sample comprises a spatial average (linear
power) over 300m {four pulse volumes). At 60km the sample volume is tvpically
a cube of side 300m in length. Time averaging (linear power} for each data sample
is over 210ms every 240ms (i.e. 64 transmitted pulses on each polarisation). The
worst case systematic errors in measuring Z and ZppR were estimated to be 0.7dB
and 0.1dB, respectively, while the standard deviations of the random errors when
measuring rain echoes were estimated to have the same values. A detailed study

of the accuracy of the measurement has been given by Cherry and Goddard (1982),

Herzegh and Carbone (198+4) have shown that when strong reflectivity gradients
in 2 are present, a mismatch of the rolarisation characteristics of the antenna
sidelobes may give rise to totally false ZpRr values. In this case it is possible for
the main beam to be sensing a low reflectivity region, but for a significant part
of the reflected signal to be due to the sidelobe detecting the high Z region. They
give examples from the 1° beamwidth CP2 radar where mismatched sidelobes resuit
in spurious regions of high positive and negative Zppg on either side of a reflectivity
maximum. Very much higher reflectivity gradients would be required to produce
such effects for the gquarter degree beamwidth of the Chilbolton radar, but we

shall return to this potential problem when discussing the observations in Section 3.

ZpR of Rain

If hydrometeors are assumed to be oblate spheroids, having their figure axes vertical,
then application of ‘-ns scattering theory gives the curves in Figure 1 (from Hall
et al, 1984) showing ..e value of ZpRr as a function of axial ratio for liquid water
and air-ice mixtures. The Figure clearly demonstrates that for a given shape this
ratio is much larger for liquid water than for ice. For rain it is probably valid to
assume that the drops fall with their figure axes aligned in the vertical, but any
canting or tumbling will lead to lower values of ZpR: in the extreme case of random

tumbling, which may occur for ice particles, ZpR will be zero.




The most accurate laboratory measurement of equilibrium raindrop shapes is provided
by Pruppacher and Pitter (1971). In a series of comparisons of radar observations
for values of Zpg up to 2dB, with both groundbased distrometers (Goddard et al,
1983) and airborne measurements {Cherry et al, 1984) Goddard and Cherry (1984a)
found significantly improved agreement if they used slightly more spherical shapes
than those of Pruppacher and Pitter. This modified relationship between drop diame-
ter and 2ZpR 1s displayed on the abscissa of Figure 2. Oscillations of raindrops
are believed to be asymmetric, and if these are excited then a time averaged shape
should be more spherical than the equilibrium one, and this could reduce the observed
value of ZpR (Beard et al, 1983). It could be argued that because oscillations are
collision induced, any correction to ZpR would have to be concentration dependent.
Direct photography of raindrops at the ground (Jones, 1959) indicates that a degree
of canting 1s present, but the wind shear at the ground may not be representative
of conditions within clouds; computations (Beard and Johnson, 1983) suggest that
shear produced by turbulence would lead to small canting angles distributed around
a mean zero value. However, the changes proposed by Goddard and Cherry are
actually within the experimental error of the Pruppacher and Pitter measurements,
and so there is no evidence that canting or collision induced oscillations affect
the ZpRr measurement of rain. The calibration of ZpR is so sensitive to drop shape
that at present 1t 1s able to detect changes in shape that cannot be resolved by

direct photography.

If both Z and Zpgr are measured for rain then the data can be fitted to any two
parameter raindrop distribution. Figure 2 considers one extreme example, the
monodispersed spectrum, and for a given ZpR the curves show the expected values
of Z for a rainfall rate of Imm hr! and for drop concentrations of 1 and 100 per
cubic meter. Because ZppR is independent of concentration, the values of N and
R scale linearly with Z. There is uncertainty over the average shape of drops having
an equivalent diameter above imm. Some recent aircraft measurements (Cooper
et al, 1983) suggest that they are more oblate than the equilibrium shapes of

Pruppacher and Pitter, with a 6mm drop having a Zpg of 5.8dB instead of 3.8dB,




and an indication that the values of Tmm drops should be 7.7dB rather than +.18dB.
The two dotted branch to the curves in Figure 2 for Zpp above 2.5dB are computed

using these more oblate shapes.

The Marshall Palmer raindrop size distribution is given by

N(D) = N (exp(-3.67 D/Dy)) (2)

where N, is 8000m™3 mm-! and constant, and Do depends upon the rain rate and
is equivalent to a median drop size such that an equal volume is contained in drops
smaller and larger than Dg. If both Z and ZpR are available then a fit to a general-
1sed exponential distribution with both N, and Dy as variables is possible (Seliga
and Bringi, 1976). In Figure 3 the abscissa shows the relationship between Zpp
and Dy obtained by weighting the 2Z-D dependence in Figure 2 and truncating the
exponential spectra at 8mm diameter. As above, becaus~ they scale linearly with
Z, the values of Ny and R may be obtained by linear extrapolation of the plotted
curves. According to this Figure values of Zppg above 5dB cannot be fitted to
realistic exponential raindrop size distributions if the drop shapes of Pruppacher

and Pitter are used.

Some caution should be exercised in interpreting these curves for Zpg values above
3dB because of the uncertainty in the precise shapes of the larger drops and the
sensitivity of the curves to the truncation of the exponential. If the exponential
is not truncated at 8mm then, for D, above +tmm, because the very few drops above
8mm are so distorted, their contribution determines Zppr. Consequently in very
intense rain the shape of the drops at the truncation limit of 8mm-fixes the
maximum possible value of ZpgR to about 3.5dB for ~Sruppacher-Pitter shapes.
If the more oblate shapes of Cooper et al are use? then an 8mm truncation limit

would lead to a maximum ZppR of around 6dB.




{c)

6

The sensitivity of predicted values of ZpR in very intense rain to the rather arbitrary
choice of the truncation limit of the exponential is rather artificial; the observed
concentrations of these very large drops are in fact smaller. Ulbrich and Atlas
(1984) have suggested introducing this effect more naturally by the use of gamma

distributions of the form:

N(D) = NoD™ exp(~(3.67 + m) D/D,)) 3)

The third variable, m, is zero for a pure exponential and infinity for monodispersed
spectra and is a measure of spectral width. Ulbrich and Altas (1984) suggested
using m = 2, but Goddard and Cherry (1984b) obtained even better agreement with
measured rainrates for a value of m = 5. The magnitudes of N, N, and R calculated
from Figures 2 and 3 (m = infinity and zero) represent limits, with the true value
of the total drop concentration probably lying between these two extremes. We
note that for an observed Z and ZppR combination the choice of the monodispersed
spectrum will result in predicted rainfall rates typically 3dB greater than for the

exponential spectrum.
Measurements of Hydrometeors above the 0° isotherm

The shape of an ice particle and its mode of fall is not a unique function of its
size and so the analysis of the ZpR signal is complicated. Hall et al (1984) consider
the problem in detail, and Figure ! taken from their paper, demonstrates some
of the possible ambiguities. Even if the particles were all aligned wi.th the major
axis horizontal we see that Zpp would depend not only on the particle shape but
also on the density. If they are not perfectly aligned as they fall, then the value
of Zpr will be lower, falling to zero for random tumbling. Further complications
and ambiguities would arise if the actual ice particle shapes were used rather than

idealised oblate spheroids.
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From experience with the Chilbolton data ZpR is usuallv verv close ) zerg in
regions of convective clouds where the temperature is below zero, indiyating nearly
spherical or randomly orientated tumbling ice particles. In the next ~ectinn we
shall be considering transitory regions of high positive Zpg above 4dB within can-
vective clouds which extend both above and below the zero degree :sotherm oun
occur where Z is moderate or high. We shall now consider the tvpes of hvdrometeor

which could give rise to such signals.

(i) Dry ice particles

From Figure | snow cannot give a ZppR above 1dB, but a Zpp of -4dB can
result from dry aligned oblate spheroids of ice having axial ratios of J.15
for an ice-air mixture of density 0.5g cm™3 or spheroids of solid ice with
a ratio of 0.4. For example, Hall et al (1984} found regions of high positive
ZpR in the upper regions of stratiform clouds where Z is low and suggested
that these may be due to small ice crystals in the form of plates which fall
with their larger dimension horizontally aligned. Direct aircraft observations
(Bader et al, 1986) flying through such clouds in 1984 have confirmed this
suggestion. However, such small particles can give only low values of Z and
on melting would acquire a water coating and give much larger values of
ZpR just below the 0°C isotherm before subsequently collapsing to smaller
raindrops. Hall et al (1984) do find regions of positive ZpR in association
with the bright band in Z which are obviouslv caused by melting particles,
but' for the observations we shall present there was no bright band and the

positive Zpi extended Zkm above the zero degree isotherm.

The various habits of ice crystal growth can result in extremely oblate shapes
but because of their size would be associated with low values of Z. Larger
ice particles are formed by aggregation or riming and there is no evidence
from aircraft measurement that they would have both such a degree of oblate-

ness and also be aligned when they fall. Although the fall mode of larger




(i)

frozen hydrometeors and hailstones 1s not well known (Thwaites et al, 1977,
Matson and Huggins, 1980), most evidence suggests that discs tumble when

the Reynolds number exceeds 1000 (Pruppacher and Klett, 1980).

Ice in wet growth

Hail or graupel particles in wet growth will have a ZpR of 4dB if the axial
ratio is 0.65. This could happen in two ways; either sufficient water builds
up on a spherical particle, or a surface layer of water on a quite asymmetric
hail pellet stabilises it and stops it tumbling. The particles would probably
shed any excess water, but if for the sake of argument, we extend the analysis
of Bailey and Macklin {1968) to smaller particles with a fall velocity of V
= 1.43 (D)0-8 where D is 1n mm and V in m 5! (Pruppacher and Klett, 1980},
we find that if the surface 1s to be wet, then for diameters of 2, 4+ and 10mm,
a cloud liquid water content of 13, 7.3 and 3.2g m-3 respectively is required.
Even higher values would be needed for a reasonable thickness of water to
build up, and for rough particles with higher ventilation coefficients these
values should be increased threefold. From sonde ascents made on the davs
in question the maximum adiabatic liquid water content at 0°C and -10°C
cannot exceed 5gand 78 m™3, We conclude that small graupel particles 1n
wet growth require unrealistic liquid water contents and would also melt
to give much smaller ZpRp below the freezing level. Computation (Mason,
1956) shows that for solid ice spheres to fall 2km below the freezing level
without melting completely, the original diameter must be at least 4mm;
for graupel of density 0.3g cm™3 the equivalent size is 8mm. However,
Interpretation of these signals in terms of hail of diameter greater than 5mm

which i1s 1n wet growth cannot be ruled out,




{ii1)  Supercooled raindrops

A simpler explanation of such signals would be to assume thev are due to
large supercooled raindrops, a ZpR - +dB being equivalent to a diameter
of about 6mm; and when analysing these results we shall adopt this approach.

We shall return to consider the wet growth aspects in the discussion Section.

RESULTS OBTAINED IN 1983

The aim of the 1983 studies was to trace the development of 1solated convective clouds.
Tvpical echoes from these clouds have horizontal diameters of about 5km and about
5 vertical sections (RHIs) at different azimuths were sufficient to identifv the maximum
echo and 1ts spatial extent. Each RHI takes about 30 seconds, so an observation at
any particular azimuth was obtained every 2 or 3 minutes. Occasional horizontal sections
{PPIs!) served to confirm the 1solated character of the storms. Hall et al 11980) reported
that pillars of -veZpR extending higher than the 0°C 1sotherm were occasionallv observ-
=d, and suggested that thev were due to supercooled raindrops. One particular goal
was to find out if these columns of large -veZppR were a common occurrence and to
study their persistence. Because there 1s no area ot preferred convection over Southern
England the location of first echoes 1s difficult, but 1n these examples the problem was
alleviated, because winds were verv light leading to minimal advection of cells, and
on 6 and 7 Julv a shight shear resulted i1n the development o1 sequences of daughter

cells.
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could then, 1n the absence of mixing, rise =0 “ne [ S0mon [eve.
Ainds -hroughout the troposphere were very .ignht [rom pe-weer (30

and 2700 and at no height exceeded 5 m s~1. The freezing
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was at 3.3km, with unmixed cloudy air perhaps 292 warmer, Inooe

O

afternoon a few vigorous showers developed.

Two weak 1solated echoes 30 and 40km East of Chilboltorn are
clearly visible 1n Figure 4 which 1s a 29 eleva+ion Ppi. &
further ten kilometers distant at 50km range S a "ucn more
extensive row of vigorous cells having reflectivit:ies above

50dB2Z. This PPI shows that at an altitude of l.4km an isoiat

Iol
o]

T

echo at 40 km range and 5km lateral distance has areas where

]

20 to 30dBZ accompanied by ancomalously high ZDR values above 3138
This combination is so far from the predictions of a Marsha. .-
Palmer raindrop size distribution (see Fiqure 3) that 42 RHI and
3 PPI scans were made through this cell 1n 30 minutes 1n order ==
trace its evolution; each RHI being separated by cnly 19, wnich

1s equivalent to a distance of 700m at this range. The isplat=d

cell at 3J0km range and -6km lateral distance has Z values abov

®

[EN

20dBZ but 15 not accompanied by any unexpectedly high vaiues o
ZnR-

The fi1rst vertical section through the most intense part of
Thls weax echo obtained at 1635-40, three minutes pefore the
PPI, 1s displiayed in Figure 5. A vertical profiie of 2 and IDR
at the gate where the maximum Z occurs is plotted 1n Figure 6.

RHIs at neighbouring azimuths show lower 7 va.ues, These data
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confirm that the cell had a Z which only locally reached 34dBZ
whereas the value of ZDR widely exceeds 2dB with a maximum of
4.1dB where Z is less than 30dBZ. In Figure 5 the high Ipp
region extends in a narrow column almost to the ground. Half-
melted ice particles might give such a large 2Zpr but they woulid
need to be large to survive such a fall without complete melting,
and raindrops would need to have a diameter of about 5 or émm to
assume such an oblate shape. In either case the low values of 2
must imply that such large particles are present in very low
concentrations.

This cell subsequently intensified rapidly, but because of the
light westerly winds did not change azimuth appreciably and the
range only increased by about lkm every 10 minutes or so. The
actual 30dBZ echo in Figure 5 did not grow, but, perhaps not
suprisingly in view of the large particles below the maximum
echo, it fell to the ground in the following five minutes, as
did the subsidiary 10dBZ echo at 37km range. Instead a local
maximum in Z of 244dBZ at 2.5km altitude acccompanied by a Zpgr of
over 3dB located l.4km to the south (2° in azimuth) increased
rapidly in intensity and areal extent, so that by 1641-10 the
vertical section in Figure 7 was observed with the development of
a narrow vertical column of positive Zpp. The vertical profile
displayed in Figure 8 taken through the most intense part of this
column confirms values of Zpgr of 4dB above the freezing level
with 2 reaching 38dB at 4.8km altitude. Two minutes later the
vertical sections 1ndicate little change in the column but show
that the maximum height of the 20dBZ contour has risen by just
over lkm, equivalent to a vertical velocitv of almost 10m s-1
A typical RHI obtained a further five minutes later at 1648-10 is

displayed in Figure 9 and shows a quite different character.
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Although the cloud has grown further and at 3km height ! nas
reached 54dB2, a rtraditional ha:l signature, the column of
positive IZIpr has vanished. The vertical profile of Z and Ipp
plotted in Fiagure 10 highlights this transformat:ion. the Zpp
signature 1s now typical of that commmonly observed 1n mature
glaciated cumulonimbus clouds. Apove the freezing level Zpp 1s
generally within 0.1dB of zero, this is usually interpreted as
tumbling hail or graupel pellets. Below the zero degree 1isotherm
Ipr 9radually increases frc- 0 to 5dB over a distance of ZkrT,
consistent with the particles slowly melting o form large obl.a-e
raindrops near to the ground. Three minutes later 2 va.ues of

61dBZ were observed. The Zpg gradient 1n Figure 10 snou.d be

o]

contrasted with the very abrupt fail off in Lnp ancve Skm :r
Flgure 8, which 1s difficult to explain 1n terms of part:.c.es
falling and melting. A more plausible interpreration :s %9
consider the sharp change occurring at the boundary where a
rising parcel of air containing supercooied raindrops penetrates
upwards into the glaciated region of the cloud.

The evolution from the first RHI in Figure S to the marure
cloud in Figure 9 took only 12 minutes with the ecno Lop r15:1949
nearly 4km at an average velocity of S m s~+<, The two minuce
period when there was a column of positive Zpr extending towards
the -10°C isotherm appeared to coincide with the most vigorous
growth with the Z echo rising at about 10m s-1, it 1s
interesting to note that the second isolated weak I echo 1n the
PPI of Figure 4 which iIs at a range of 30km and a iateral
distance of -6km, which was not accompanied by any large positive
Zpr, failed to develop.

3(b) 6 July 1606 to 1615

The 1200 sonde ascent from Crawley indicated a similar

12
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structure to that already described on the 7 July. The
calculated freezing level was 3.2km and the winds again were less
that 5 m s-!, but from a direction between 170 and 180°, Aan
isolated daughter cell was first detected in the 5° elevation PPI
which is displayed in Figure 11. This cell is at 30km range and
7km lateral distance, at larger lateral distances no returns
were detected, but at 2km lateral distance only 3km from the cell
is the start of a long narrow band of intense echoes extending
aout 50km to the south. No echo was detected at the position of
the isolated cell in the 40 elevation PPI where the height of the
pbeam at this range would be about 2km. Because the 5% elevation
showed such anomalously high Zpr values of 2.4dB accompanied by a
7 echo of 25dBZ, a series of 25 RHI scans through the cell was
made in the 12 minutes following the PPI. Each RHI was
separated by 29, equivalent at this range to a horizontal
distance of lkm. As the southerly wind was so light, the echo
was remained between azimuths 141 and 149 throughout this period,
advecting by less than lkm in 20 minutes.

Fig 12 displays the contours in Z and 2Zpg for the first RHI
at 1607-00 through the most intense section of this daughter
cell. The daughter cell has a maximum Z of 33dBZ but, as in the
example of 7 July, is accompanied by much nigher values of Zpg
than would be predicted by most commonly observed raindrop size
distributions. This is further demonstrated by the vertical

profiles in z and Zpg in Figure 13, where values of ZpRr of 3dB

are found where Z is only 30dBzZ. By similar arguments to those

employed in Section 3(a) these particles must be large raindrops

or large melting ice particles and so the low 2 value implies the

particles are present in very low concentrations.

This daughter cell grew rapidly and the vertical section in
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Figure 14 was obtained 6 minutes later at 1613-20 with the
highest 2 value of 51dBZ coinciding with the maximum observed Ipg
of 5.1dB. Again the 2pgp contours show a well developed narrow
vertical column containing the highest values of differential
reflectivity which extends over 1.5km above the freezing level to
where the temperature is about -10°C. As this feature 1is
virtually absent on the neighbouring RHIs we conclude that the
diameter of the column is only about lkm. An RHI 2 minutes
later still shows the Zpg column, while Z has further increase to
61dBZ and the echo top has risen a further 1 km implying an
upward velocity of close to 10 m s~1,

The evolution is simpler than the previous example 1n that
only one maximum in the echo could be distinguished, however by
the time of Figure 14 the anvil from the band of more active
cells visible in the earlier PPI is only 2km away from the
daughter cell. The maximum echo in this anvil is about 20dB2Z,
and Figure 15 shows that by 1618-20 it had merged with this
developing cell which now has a maximum echo of 65dBZ. The Zpg
in this Figure is quite revealing. At 30km range the positive
Zpr 1S confined to regions below the freezing level indicating
ice above, but at 33km the positive Zpg extends to a height of
4km with a maximum of 5dB at 2.3km altitude; above this there is
a region of negative Zpg with a peak value of -1.4dB occurring at
5km where Z is 62dBZ . These various regimes of Zpgp can be
clearly identified in the vertical profile of 2 and Zpg passing
through this region of negative 2zpr which is displayed in figure
16. Above 6km 2 is high and Zppg is very close to zero, and this
probably results from tumbling graupel and hail pellets, below
the freezing level (3.2km) Zpgr increases rapidly and this is

consistent with large raindrops or large oblate melting
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hydrometeors.

Negative values of Zpr such as those between 3.2 and 6km in
figure 16 have not been previously observed with the Chilbolton
radar. In Section 4 we will analyse all possible effects which
could give rise to artificial spurious values of negative ZDR
but if for the moment we assume that the data is valid, then the
ony plausible explanation is that this negative value is due to
oblate or concical hailstones falling with some degree of
alignment so that on the average the vertical diameter is about
20% greater than the vertical. This feature is very localised
and quite transitory. No negative values of Zpg can be found at
the neighbouring azimuths only lkm away, and in the previous RHI
at the same azimuth as Figure 16 there is just one gate showing a
negative value of -0.7dB.

The major evolution appears to be similar to the 7 July
case previously described , 1in that a cell having low 2 but high
Zpr grew very rapidly. The highest value of Z observed in the
cell increased from 31dB to 65dBZ in only 12 minutes.

3(c) 22 August 13.58 to 14.14

The evolution of an isolated shower on this day is shown in
Figures 17,18 and 19. Sonde ascents éhowed that the wind was
again very light at all levels and that the freezing level was
about 3.lkm. The convection was of quite limited depth with the
20dBZ echo contour never rising above 6.6km altitude, but in
spite of this the plots show the development of an intense echo
of over 60dBZ which is associated with a Zpr of 8.3dB, the

highest yet recorded with the Chilbolton radar.

The first RHI through the most intense part of the isolated

developing cell obtained at 1358-40 is displayed in Figure 17 and
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shows a large area above the freezing level where values of Inp
exceed 4dB and Z is 40dBZ2. The echo top (20dBZ) is at 5.6km, but
above 5km values of Zpg are essentially zero. Although the high
values of Zpp extend down to the ground the values of Z are much
less at these lower altitudevs, indicating that the major part of
the precipitation is still above the zero degree isotherm but
that a few large precipitation particles are reaching the ground.
Six minutes later, as shown in Figure 18, the values of 2 in the
centre of the cell reach over 63dBZ but the echo top at this
azimuth is only 5km. These high values of Z were accompanied by
a Zpgp value of 8.3dB at one gate. This gate was at Z2.8km
altitude, very close to the freezing level, and was situated
in the centre of aregion 900m w:de and 600m deep where Zpg Was
above 6dB.

On this day the winds were very light and , in the absence
of shear, the intense echo in Figure 18 fell to ground and the
cell decayed. The compact region of Ipp above 6dB fell lkm by tne
time of the next RHI 140 seconds later, and after a further 140
seconds it was just discernible l.2km lower at an altitude of
only 600m. By this time Ipg wWas everywhere 2ero above the
freezing level, with positive values confined to altitudes below
3km. This is the pattern usually observed with mature convective
storms. Figure 19 was obtained eleven minutes after Figure 18,
and shows that the highest values of Zpp were only 2dB where 2
was above 50dBZ implying raindrop size distributions much closer
to the Marshall-Palmer. From Figure 3 if Ng is 8000 m-3 mm-6
then the contours of 1dB and 2dB in Zpg Should be near to the
contours of 35dBZ and 48dBZ respectively. This approximates to

the situation in Figure 1ll.
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4. POSSIBLE ARTIFACTS IN DIFFERENTIAL REFLECTIVITY MEASUREMENTS.

3efore embarklng upon an 1interprerzation of tne rather
unexpectedliy nhigh values of Ipp reported In ~he apove convect:ve
clouds, we consider whether these opservarions could have been
1nfluenced by any possible spurious factors. Beard et ai (19813)
have suggested that raindrops oscillate and that their mean shape
1s slightly more spherical than the equilibrium one; 1f this
effect was significant then a given value of ZDR shou.d
correspond to an even larger raindrops size than that assumed in
this paper.

We now examine the effect of si1de lobes in the preserce of
reflectivity gradients. The symbols superposed orn +the five
Figures showing the vertical profiles represent each separate
data point recorded for every quarter degree increment 1n antenna
elevation. This angular resolution 1s equal -0 the beamwidth
of the Chilbolton antenna. In all these profiles <changes 1n
reflectivity of 20dBZ never occur over such sma.l angular
changes, so for the Chilbolton antenna, “he signal detected by
the side lobes is always much less than that sensed by the main
beam. Consequently the contribution to the measured differential
reflectivity by any mismatched polarisation characteristics of
the sidelobes 1is negligible. It is also clear from Figure 16

that the negative values of Zpgr coincide with the maximum values
of Z of over 60dB2Z. Similarly the maximum values of Ipg 1N
Figure 12 occur where Z attains 1ts highest value. I these
features in Zpg were artifacts due to side lobes then they should
be found where Z is changing rapidly

Differential attenuation can result in an apparent reduction

in the values of zpg- Lf large oblate precipitation particles

lie between the cell and the radar antenna, then the incident
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norizonta: radirat:on wll: be attenuated by more than the vertical
and, conseguently, ~rhe received power reflected even from
spherica. particles wili be less 1n the horizontal than in the
vertical, lead:ng to an apparent negative value of Zpg. In
Figure 14, where we have tentatively ascribed the negative Zpp
~o ¢onlca: haii, rhere 1s no echo bevween the cell and the
antenna and so differential attenuation cannot be responsible.
I 18 worth commenting that even using l0cm radiation this
erffect can occasionally be important,but is a sensitive function
of the oblateness of the intervening precipitation. Calculations
assuming an exponential raindrop size distribution show that for
a rainfall of 100mm/hr having a ZDR of IdB the differentia:
artenuation s only 0.01dB/km, bhut 1f ZDR is 3dB then the
differential attenuation 15 increased tenfold. These figures
are an order of magnitude higher at 5.6cm. Negative values of
ZDR of below -0.2dB can be detected in the PPI i1n figure 11, at a
range of 29 to 30km and a lateral range of -7km; the lowest
value recorded being -0.6dB at one gate. The radiation between
this region and the antenna has traversed a 2km regi1on having a ?
of over 50 dBZ and a differential reflectivity above 3dB. A
differential attenuation of 0.1dB,km can account for the slightly
negative values of ZDR. 1In none of the other sections discussed
is this effect important.

The observation 1n mature intense convective storms that the
values of Zpg are so close to zero for all values of Z up to
65dB? gi1ves us additional confidence that there is no systematic
bias between the processing of the signals of the vertical and
hori1zontal polarisations. We conclude that the reported

differential reflectivity observations are valid.
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5. INTERPRETATION OF THE 1983 RESULTS.

The three evolutions described in Section 3 are ~he examp.es
where the echoes were located and observed at an ear iy stage .n
their growth. The most striking aspects of the evoiution are :re
occurrence of high positive values of Zpgp accompanied by fairly
modest values of Z as shown in Figures 5, 12 and 17. In view of
rhe arguments advanced in Section 2 we believe that tnese high
values of Ipr imply large particles. In the early stages the
high values of Zpg occur both below and above the zero degree
isotherm 1indicating that they are probably large raindrops. 1 f
they were due to wet ice particles either in wet growth or
melting, then they would not be expected to be more oblate than
a raindrop of the corresponding size. We shail offer an
explanation assuming that these high values of Zpr are due to
large raindrops, but shall retain the possibility that they are

due to even larger wet ice particles.

Figure 5 and the accompanying vertical profile in Figure 6
show that in this first RHI of the 7 July exampie, Z values
near to 304dBZ were accompanied by 2Zpg of about 3dB. Assuming a
monodispersed distribution of raindrops then Figure 2 indicates
that the cloud contains drops of about 4mm diameter present in a
concentration of rather less than one per cubic meter. The more
realistic exponential distribution plotted in Figure 3 using
Pruppacher and Pitter drop shapes predicts a value of Ny of about
8 (instead of 8000 in the normal Marshall Palmer distribution)
and a rainfall rate of 0.2 mm‘hr. Even with the more oblate drop
shapes of Cooper et al N, is 40 and R is 0.35 mm/hr. The first
RHI obtained in the 6 July example in Figure 12 and the profile

in Figure 13 again show a 2 of slighlty less than 30dBZ where Ipp
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1s Just above 3dB. These observations again suggest, using either
-he monodispersed or exponential model that there is a very low
concentration of large (above 4mm) supercooled raindrops present
in the cloud. In this case the rainfall rate is considerably
less than lmm/hr, whereas an empirical Z-R relationship would
indicate about 2.5mm/hr.. The example on the 22 August shows a
similar deviation from the Marshall-Palmer distribution. In the
centre of the echo is a large area having Z values of about 40dBZ
occurring where Zpg is about 4dB, suggesting a mean raindrop size
of 5 or 6mm. Figure 3 shows that this data cannot be fitted to
an exponential raindrop size distribution if the Pruppacher and
Pitter drop shapes are used, but a fit 1s possible using the more
oblate shapes of Cooper et al, and implied values of Ny are at
least two orders of magnitude lower than the Marshall-rPalmer

value.

The sizes and concentration of raindrops calculated above
relate to the region of the cloud where the reflectivity 1s a
maximum; in other parts of the cloud the implied concentrations
are even lower. Evaporating rainshafts could lead to small
concentrations of large drops, but these should be fairly local
phenomena not occurring near the reflectivity maximum of a
developing cloud. Such a low concentration of large drops would
be difficult to confirm with aircraft because the cloud 1is
evolving very rapidly and conventional probes would not obtain a
statistically significant sample in a single 1 or 2km

penetration.

The evolution which emerges from this limited study is rather
unusual. A small number of large (4mm) drops form, which are

liquid even at -109C., Rapid intensification of the echo follows,
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with 2 rising at a rate of up to 30dBI in ten minutes, w:.th
subsequent glaciation and disappearance of positive vaiues of Ipp
apove the zero degree 1sotherm. The most rapid upward growth of
the echo at a velocity of about 10nm s- 1 appears to coincide with
partlal glaciation, aithough values of ZIpr are mostly zero where
the temperature 1s below freezing, there is a small column of
positive Ipgr extending to an altitude where the temperature is

about -10°C. This column 1s a transitory phenomenon persisting

rn

for less than ten mlnutes; it 1s O0f Ci1rCUlar Cross seco:o9n wizha
diameter 0f between 1l and 2km, but the values of Ipy typica.ly
reach 4dB within the column. As the cell 1¢~.s 1ts vigour the

echo descends and the area of high Zjg a.so subs:des towards the

ground wilthout any very marked change in its magnitude.

It seems reasonaple that a rapidly rising parcel of moist
aitr could rise to an altitude where the temperature is -10°C
before any of the surrounding ice particles mix in and cause
rapid glaciation. It could be argued that large ice particles 1in
wet growth can account for these observations, although their
presence would be equally difficult to explain at these early
stages of cell growth, but as suggested before, the surplus
water should be shed and not lead to large positive 2pg.
furthermore as the particles fall and melt, the value of Ipgp

should rise even further and this is not observed.

Once the clouds in this study glaciate the ice particle
spectrum will intially be similar to the raindrop spectrum.
Federer and Waldvogel (1975) report mean spectra for hail of size
less than 22mm having an average Ny of 12.1m-3 mm-! and a Do of
8.73mm. Similar values of Dy and Ny are apparent from Figure 3

for the initial raind:top spectra in these three examples. There
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1s sore ev:dence from aircraft penetrations of developing cells
(Mus:. er al, 1376) that the value of Ny may be as low as 10 or
100 m-3. 17 even smaller concentrations of large supercooled
ratndrops do exist in the early stages of precipitation
development rthen they would be the natural favoured embryos which
could then grow rapidly into hail without exhausting the supply
2f liguid warter. Consequently the requirement of embryo sorting
{Brown:irng, :978) for hail growth may not be guite so stringent.
Macx.:n et ai {1960) found that most hailstones collected in
frng.and nad clear growth centres suggesting large frozen drop

emDpryos.

one exampie we i1nfer that large hall causes a negati.ve
va.ue of 2DRe although this seems to be a rare occurrence. More
norma.ly the value of Zpg 1S nearer to zero, indicating that hail
~umpbles as 1t falls or is asymmetric. A much more reliable hayl
sigrature at low altitudes in the cloud is a region of zero Ipy
wnere 2 1s very high, instead of the more normal postive Ipg 1n

neavy rain (Illingworth et al, 1986).

6. CONCLUSION.
From a study of a number of vigorous 1solated convective
storms over the UK during the summer of 1983 we draw the

foliowing tentative conclusions.

a) Isolated weak echoes having moderate Z but accompanied by
large positive differential reflectivity (zpr/) are likely to

intensify very rapidly.

b) These anomalous low 2/ high positive zpp f1rSt echoes

indicate very low concentrations of large precipitation

particles. Although we cannot rule out the possibility that they

()]
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are large 0@ partic.es In wet growtih =l

W

sSeems moSt un.i<ely,
and We propose that they are large (4mmj supercooled ra:ndrops
Present tnecries of prec:ipitation development do not predict the

appearance of tnese larce drops at such an early srage.

<) Such low concentrations of large drops could be very
efficient nail embryos growing to large hailstones after freezing
because of the lack of competiition for the cloud water. Thic

may relax requirements for embryo sorting.

d) Narrow columns of pos:itive Ipg extending Dy Uup o 2KkT aoove
~he zero degree 1sotherm occur during vidorous convec-ion when

the echo top is rising rapidly and tend =D preceed nhigh values of

. They are generally circular 1n Cross sect:on of diame-er

™~

between 1 and 2km, the rema:nder of the cloud at nhese heights
having Zpr values very close zo zero. Ne pelieve that trese
columns may be due to large supercooied ra:ndrops in an ascending

aprearance indica:zes

1]

updraught, and that their subseguent d:

ge]
ol

rap:d glaciation.

Further data sets obtained with =re Ch:ilpoltoen radar
shou.d provide more evidence on the size, concentraticn and types
of hydrometeors during the evolution of convective ciouds. The
measurement of additional polarisation parameters should provide
definite confirmation of the phase of the scattering partic.es.
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Figure l: The values of Zpg predicted from Gans scattering theory
for oblate spheroids as a function of their minor to major axis
ratio, (a/b). Figure axis vertical. Water - curve !; solid ice
of 0.92 g em=-3 - curve 2; ice alr mixture of 0.5 g em=3 - curve
3; and an ice air mixture of 0.l1g cm~3 - curve 4.

Figure 2: The variation of reflectivity, 2, with differential
refectivity, 2Zpr, for a monodispersed distribution of raindrops
having equivalent diameter D. R: Rainfall rate of 1 mm he-l,

N: drop concentrations of 100 and 1000 m-3. Sclid curves
Pruppacher and Pitter shapes, dotted curves shapes extrapolated
from Cooper et al.

Figure 3: The variation of 2 with Zpr predicted for the
exponentiai distribution of raindrops :1n Equation (2). Sclid
curves for Ny = 8000 m=3 mm~l and R = 1 mm hr-! using Pruppacher
and Pitter shapes, dotted branches for the more oblate shapes of
Cooper et al.

Figure 4: A horizontal section (PPI) at 2° elevation at 1638-00
on 7/7/83 showing two isolated cells. In this and the following
Figures the solid contour lines in 2 are drawn every 10dBZ
starting at 10dBZ, and in 2Zpp every 1dB starting at 1dB. The
broken contour line in both the Z and the Zpr plots is for Z=5dB2Z
and serves to delineate the extent of the cloud.

Figure 5: A vertical section at 1635-40, azimuth 939, through the
most intense part of the echo at 40km range in figure 4. Contours
of Z and Zpr as in Figure 4

Figure 6. A vertical profile of Z and Zpg at 40.8km range, the

gate where 2 is a maximum in Figure 5. Below 3km altitude values
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of Zpgr are anomalously high.

Figure 7. An RHI at 1641-10 through the cell in Figure 5 at
azimuth 959 showing the development of a narrow column of
positive Zpg above 4dB which extends almost 2km above the
freezing level.

Figure 8: A vertical profile of Z and Zpg at range 39.9km through
the column of positive 2Zpp in Figure 7.

Figure 9: An RHI obtained at 1648-10 and azimuth 94° through the
same cell as the previous five figures, but now Z and Zpgr are
more typical of a mature glaciated cloud, with Zpr only positive
below the freezing level.

Figure 10: A vertical profile of Z and Zpr at a range of 40.8km
1n Figure 9. Zpgp values are zero above 3km consistent with
tumbling graupel, but become increasingly positive below 3km as
the particles melt.

Figure 11: A PPI obtained at 1606-00 on 6/7/83 showing an
isolated cell with unexpectedly high Zpg at 30km range and 7km
lateral distance, separated by 3km from an extensive area of
intense echoes. An area of negative Zpg at 29km range and lateral
distance -7xm (marked with an N ) is believed due to differential
attenuation and is discussed 'n Section 4.

Figure 12: An RHI at 1607-00, azimuth 1489, through the most
tntense part of the 1solated cell in figure l1l. High positive
IpR accompanies a weak 2.

Figure 13: A vertical profile of 2Z and Zpr at 32.lkm range
through the maximum Z echo in Figure 12. Comparison with Figure 3
confirms the anomalously high vaiues of ZIpg.

Figure 14: An RHI at 1613-20, azimuth 1469, showing :-he
development of a narrow column with Zpr values exceeding 5dB

which extends over 1.5km above the freezing level.
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Figure 15: An RHI at 1618-20, azimuth 1459, through the same
cell as the previous four Figures. An additional -0.5dB contour
in Zpgr is plotted (marked with an N), and occurs where Z is above
60dBZ. The negative Zpgr is believed to be due to conical hail.
Figure 16: A vertical profile of Z and 2pr at 33km range through
the negative Zpg region in Figure 14, demonstrating that the
negative Ipg occurs where 2 is a maximum.

Figure 17: The first RHI through a developing cell at 1358-40 on
22/8/83, azimuth 78©., Note the high Zpgr ahuve the freezing
level.

Figure 18: An RHI through the cell in figure 17 obtained at
1404.40, azimuth 78°. The highest Zpgp contour is 7dB with a
maximum value at one gate of 8.3dB. Echo top is only S5km.

Figure 19: An RHI obtained 1l minutes later than Figure 18 at
1415.40, azimuth 809. The large precipitation particles have
fallen to ground and Z and Zpp are much closer to those expected

tor a Marshall-Palmer drop size distribution.
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